median effect plot ͉ tert-butylhydroperoxide ͉ peroxynitrite ͉ glutathione ͉ quinone reductase ͉ 4-hydroxynonenal
T he toxicity of oxygen and more specifically its partial reduction products known as reactive oxygen species (ROS) is usually designated as oxidative stress. It arises from an imbalance of cellular prooxidant and antioxidant processes. Oxidative stress has been implicated in a variety of pathological and chronic degenerative processes including the development of cancer, atherosclerosis, inflammation, aging, neurodegenerative disorders, cataracts, retinal degeneration, drug action and toxicity, reperfusion injury after tissue ischemia, and defense against infection. Mammalian cells contribute to their own oxidative stress by generating ROS as part of normal aerobic metabolism, and have developed elaborate and overlapping mechanisms for combating these hazards (1) . Nevertheless, protective mechanisms are not completely effective, especially during increased oxidative stress. The desirability of developing methods for augmenting these defenses is reflected in the widespread human consumption and perceived health benefits of plant-based antioxidants such as ascorbic acid, tocopherols, carotenoids, and polyphenols (2) . These direct antioxidants neutralize free radicals and other chemical oxidants but are consumed in these reactions.
Recently, an alternative and possibly more effective strategy for combating the toxicities of ROS has attracted attention: the induction of a family of Phase 2 detoxification enzymes (3) (4) (5) (6) . Our initial interest in Phase 2 enzymes arose from the observation that the chemoprotective effects of many synthetic and natural substances that reduce the risk of cancer in animals could be attributed to induction of Phase 2 enzymes. The conclusion that elevation of Phase 2 enzymes is a major strategy for reducing the risk of cancer is supported by many lines of evidence and has gained widespread acceptance (4, (6) (7) (8) .
In the past, enzymatic protection against oxidants focused largely on classical enzymes that are explicitly identified with inactivation of ROS, such as superoxide dismutases, catalase, and various types of peroxidases (1) . Thus, although many Phase 2 enzymes display chemically versatile antioxidant properties, the potential of fortifying cellular antioxidant defenses by inducing Phase 2 enzymes has received relatively little attention (9) , with a few notable exceptions (10, 11) . Because oxidative stress is believed to be an important contributing factor in carcinogenesis, we became interested in the possibility that Phase 2 enzymes exerted their protective functions not only by inactivation of carcinogenic electrophiles but also through their antioxidant activities. Phase 2 enzymes were originally perceived as only promoting the conjugation of xenobiotics with endogenous ligands (e.g., glutathione, glucuronic acid) to generate more water-soluble and easily excretable products (12) . This restricted view of the nature and functions of Phase 2 enzymes is gradually being expanded. There are now about two dozen genes that are considered part of the Phase 2 response. The enzymes encoded by these genes have chemically versatile antioxidant properties, share common regulatory mechanisms, and are highly inducible by a variety of agents including dietary components (6, 8, 9) . † In this paper we demonstrate that induction of Phase 2 enzymes is a powerful strategy for boosting antioxidant defense mechanisms and provides prolonged protection of human adult retinal pigment epithelial cells (ARPE-19) against chemically produced oxidative stress. We chose these cells because the retina is especially sensitive to oxidative damage (11, 17) . To mimic the types of oxidative stresses that occur physiologically, we selected the following four oxidants: menadione, tert-butyl hydroperoxide, 4-hydroxynonenal, and peroxynitrite. The mechanisms by which these agents evoke oxidative damage, and how cells protect themselves against such damage are quite different, as described below (see Experimental Procedures).
ARPE-19 cells were treated with sulforaphane, an isothiocyanate isolated from broccoli on the basis of its Phase 2-inducing activity and the most potent naturally occurring Phase 2 enzyme inducer identified to date (3, 18, 19) . Sulforaphane coordinately induces a family of Phase 2 detoxification enzymes and related proteins, and raises glutathione (GSH) levels by inducing ␥-glutamylcysteine synthetase, the rate-limiting enzyme in GSH biosynthesis (20) .
Cell viability measurements were analyzed by the median effect equation of Chou and Talalay (21) to obtain the median effect concentration (D m ) based on all the data points of the cytotoxicity-concentration curves. The D m value for each oxidant was then compared with that for cells that had been treated with a range of concentrations of sulforaphane, thereby generating quantitative measures of protection.
Sulforaphane cannot react directly with free radicals or ROS; its ''antioxidant'' function is secondary to its ability to induce Phase 2 enzymes, and it is therefore an ''indirect antioxidant.'' The magnitude of the protective effects depends on concentrations of both oxidant stressors and inducers. Notably, unlike the effects of most direct antioxidants, the indirect antioxidant status persists for several days after sulforaphane is no longer present.
Parallel measurements of Phase 2 enzymes and GSH levels were obtained on cell extracts that had been exposed to sulforaphane under conditions identical with those used in protection experiments. When the degree of protection, quantified by increases in D m values, was compared with elevations of these Phase 2 markers, remarkably close correlations were observed. Taken together, these results establish that protection against oxidative stress is quantitatively related to the indirect antioxidant action of sulforaphane, which results from elevations of Phase 2 enzymes and GSH. (22) . They were cultured in a mixture of equal volumes of DMEM and Ham's F-12 medium plus 10% FBS that was heated for 90 min at 55°C with 1% (wt͞vol) charcoal.
Experimental Procedures
Human skin keratinocytes (HaCaT) were obtained from G. Tim Bowden (Arizona Cancer Center, Tucson, AZ) and grown in Eagle's minimum essential medium plus 8% FBS that had been treated with Chelex resin (Bio-Rad) to remove Ca 2ϩ (23) . Mouse L1210 leukemia cells, a gift from Joseph G. Cory (East Carolina State University, Greenville, NC), were grown in RPMI 1640 medium supplemented with 10% horse serum. All cultures were incubated in a humidified atmosphere of 5% CO 2 at 37°C. Media and sera were obtained from Life Technologies (Rockville, MD).
Induction of Phase 2 Response by Sulforaphane.
All experiments were performed in 96-well microtiter plates. ARPE-19 and HaCaT cells were seeded at 10, 000 cells per well and grown for 24 h before addition of sulforaphane, whereas L1210 cells (5,000 cells per well) were not incubated before sulforaphane treatment. Solutions of sulforaphane (5 mM) in DMSO were diluted with the cognate culture medium to provide final inducer concentrations of 0.16-5.0 M. The final DMSO concentrations were Յ0.1% by volume.
Choice of Oxidants. tert-Butyl hydroperoxide differs from lipid hydroperoxides in being water-soluble, but unlike hydrogen peroxide, it is not metabolized by the peroxidative actions of catalase. It is principally inactivated by direct and glutathione transferase-promoted reduction of GSH (24) .
Menadione causes necrotic cell death by participating in oxidative cycling, which generates superoxide and more reactive oxygen species by depletion of sulfhydryl groups and by accumulation of toxic intracellular levels of calcium (25) . The relative toxicological importance of these processes probably depends on the tissue and local conditions. An important detoxification mechanism for menadione is the obligatory two-electron reduction to hydroquinones promoted by NAD(P)H:quinone reductase 1 (QR) (26) . Mice in whom this gene has been disrupted are much more sensitive to the toxicity of menadione (27) .
4-Hydroxynonenal is a highly cytotoxic and genotoxic alkenal that arises from peroxidation of polyunsaturated fatty acids such as arachidonic acid, and its tissue abundance is widely used as an index of lipid peroxidation (28, 29) . The principal pathway for detoxification of 4-hydroxynonenal is conjugation with GSH by glutathione transferases leading to mercapturic acid formation (30, 31) .
Peroxynitrite is a much more powerful oxidant than either superoxide or nitric oxide and is formed in cells by the exceedingly rapid combination of these molecules. Although nitric oxide can protect cells against apoptosis, peroxynitrite is a much more toxic reagent and attacks many cellular components, reacting with thiols, iron-sulfur centers, and zinc fingers, and it initiates lipid peroxidation. It also nitrates tyrosine by a reaction catalyzed by superoxide dismutase (32) . Peroxynitrite probably generates cellular oxidative stress by several mechanisms.
Treatment with Oxidants. tert-Butyl hydroperoxide (1 M) and 4-hydroxynonenal (25 mM) were dissolved in DMSO and diluted 1000-fold with serum-free medium before addition of serial dilutions to the microtiter plate wells. The final concentrations of DMSO were therefore less than 0.1% (by volume). Menadione sodium bisulfite (0.5 M) and 3-morpholinosydnonimine (0.5 M) were dissolved and added in PBS. ARPE-19 cells were exposed to menadione for 2 h and to tert-butyl hydroperoxide for 16 h, washed with PBS, and cell viability was determined by the MTT test. ARPE-19 cells were exposed to peroxynitrite for 2 h and 4-hydroxynonenal for 4 h, and the cells were then incubated in serum-free media for 22 and 20 h, respectively, washed with PBS, and cell viability was determined. The additional incubation periods were required for peroxynitrite and 4-hydroxynonenal to evoke maximal cytotoxicity.
Cytotoxicity Measurements. Cell viability was determined by spectroscopic measurement of the reduction of MTT (33) . The culture media were discarded after the designated incubation periods, the cells were washed three times with PBS by use of a microtiter plate washer (Ultrawash Plus, Dynex Technologies, Chantilly, VA). Each well then received 150 l of an MTT solution (0.5 mg͞ml) in serum-free medium. The plates were incubated for 2 h at 37°C, the MTT solution was discarded, 100 l of DMSO was added to each well, and the plates were shaken at 200 rpm on an orbital shaker for 5 min. The absorbances of the wells were determined at 555 nm with a microtiter plate reader (Spectra Max Plus, Molecular Devices). The absorbance of reduced MTT was then compared at each inducer and oxidant concentration with that of untreated control cells that received only the vehicle in which sulforaphane (DMSO) and menadione (DMSO or PBS) were dissolved. In each experiment three identical 96-well plates were used and the means of the absorbance values, the standard deviations of these means, and their coefficients of variation were calculated. The coefficients of variation ranged from 0.6% to 16.5%. The mean coefficients of variation were similar for treated and untreated cells and averaged 7.2 Ϯ 4.2%. Glutathione Analysis. Total glutathione (oxidized and reduced) was determined by reduction of 5,5Ј-dithiobis-2-nitrobenzoic acid in a glutathione reductase-coupled assay in 96-well microtiter plates (35) . Lysates (30 l) were mixed with 60 l of cold 2.5% metaphosphoric acid, stored at 4°C for 10 min, and centrifuged for 20 min at 1,500 ϫ g at 4°C. In a new plate, 50 l of the supernatant fraction of each sample were mixed with 50 l of 1.26 mM 5,5Ј-dithiobis-2-nitrobenzoic acid, 50 l of 200 mM sodium phosphate, pH 7.5, 5 mM EDTA, and 50 l of a solution containing 3.1 units͞ml of yeast glutathione reductase (Sigma). After 5 min incubation at 25°C, 50 l of 0.72 mM NADPH were added to each well, and the initial reaction rates were determined at 412 nm. Calibration curves for pure GSH were included in each assay.
Enzyme Assays. All measurements were made in 96-well microtiter plates at 25°C, and reaction rates were monitored with a microtiter plate reader. The QR activities of supernatant fractions were determined by procedures developed in our laboratory (3, 36) . Specific activities were obtained by relating the reaction rates to protein concentrations determined with the bicinchoninic acid reagent (37) . The dicumarol-inhibitable fraction of the total QR activity contributed more than 90% to the overall observed rates in the ARPE-19, HaCaT, and L1210 cells.
Glutathione reductase activity was assayed by mixing 50 l of cell lysate with 25 l of 1 mM NADPH, 25 l of GSSG (20 mg͞ml), and 150 l of 50 mM sodium phosphate, pH 7.5. Initial reaction rates were obtained at 340 nm (38) . Glucose-6-phosphate dehydrogenase was assayed by mixing 50 l of cell lysate with 200 l of assay buffer containing 2.0 mM glucose 6-phosphate, 20 mM MgCl 2, and 150 M NADP. Initial reaction rates were determined at 340 nm (39) .
Results and Discussion

Quantitative Measurements of Menadione Toxicity to Human Retinal
Pigment Epithelial Cells and Protection by Sulforaphane. A standardized, highly reproducible system for quantitative determination of oxidant toxicity and protection by sulforaphane was developed for ARPE-19 cells grown in 96-well microtiter plates. The protective effect of 24-h prior incubation with 0-5 M concentrations of sulforaphane on survival of ARPE-19 cells exposed for 2 h to 0-250 M menadione is illustrated in Fig. 1, which shows the S-shaped dependence of cytotoxicity on increasing concentrations of menadione (plotted as the fractional cell kill, or fraction affected ϭ f a ). At the highest concentration of menadione almost no cells survive, but prior treatment with sulforaphane protected a substantial fraction of cells against oxidative death. Over the concentration ranges examined, cell survival decreases as the concentration of the oxidant menadione is increased, and increases as the concentration of sulforaphane is raised, as shown in Fig. 1 .
Analysis of the data by the median effect equation of Chou and Talalay (21) (Fig. 2) . The responses were linearly correlated with the sulforaphane concentration (r 2 ϭ 0.995 and 0.935, respectively). More importantly, a multivariate regression analysis showed a high correlation between sulforaphane concentrations and QR activities, GSH levels and D m values (P ϭ 0.0095, 0.0004, 0.0038, respectively). A highly significant quantitative association therefore exists between the degree of protection afforded by sulforaphane against menadione toxicity and the elevations of QR activities and GSH levels, suggesting that the changes in these variables may be causally related.
Sulforaphane Provides Prolonged Antioxidant Protection Against
Menadione Oxidant Stress. Because sulforaphane, like other isothiocyanates, does not usually participate in oxidation͞reduc-tion reactions, its antioxidant mechanism must be indirect, presumably through induction of Phase 2 proteins. Consequently, it seemed likely that the protective effects of sulforaphane should be catalytic and persist for several days (in relation to the half-lives of the cognate proteins) after removal of the inducer, unlike direct antioxidants (e.g., ascorbic acid, tocopherols) which are consumed stoichiometrically in radical quenching reactions. Therefore, we treated ARPE-19 cells for 24 h with two concentrations of sulforaphane (0.625 and 2.5 M) and then incubated them for an additional 96 h in medium without FBS (to minimize the complications of cell growth and the difficulties of distinguishing the effects of cell mass increases on specific biochemical indices). Triplicate sets of identical plates were evaluated for menadione toxicity (2-h exposure) immediately after sulforaphane exposure and at 24-h intervals thereafter. The median effect concentration (D m ) for menadione of control cells was 66.8 M, and the D m values for cells treated with 0.625 and 2.5 M sulforaphane were 69.2 and 94.5 M, respectively. Control cell resistance remained unchanged for 48 h, whereas the resistance to menadione toxicity of the cells treated with sulforaphane continued to increase during this period, and then declined during the subsequent 48 h, finally approaching control cell levels (Fig. 3) .
These experiments establish that the protection evoked by sulforaphane at the end of the 24-h induction treatment is maintained or exceeded for at least 3 days in culture (Fig. 3) . The specific activities of QR, glucose-6-phosphate dehydrogenase, and glutathione reductase in the cytosols of cells treated in an identical manner also continued to rise for 48 h after removal of sulforaphane from the medium and then remained high (glucose-6-phosphate dehydrogenase and glutathione reductase) or declined modestly (QR) during the ensuing 48-72 h (Fig.  4) . The GSH levels after 24-h treatment with 2.5 M sulfora- The cells were treated with the oxidants and their viability determined by the MTT reduction measurements under conditions described in the text. D m values were obtained from a series of plots of log ( fa͞fu) with respect to log oxidant concentration at each concentration of sulforaphane. The m values are the slopes of these plots, and r 2 is the linear correlation coefficient.
phane were increased about 50%, remained at this level for another 24 h, and then declined to control cell levels in the ensuing 96 h. In ARPE-19 cells that have been exposed to sulforaphane for 24 h, and are then maintained in serum-free culture media for several days, the protective status remains substantially elevated, in parallel with higher levels of GSH and elevated Phase 2 enzyme markers. Table 1 ).
More detailed examination of the protective effects by the median effect equation reveals: (i) the slopes m for the cytotoxicities of these oxidants are quite different (means of 1.93, 2.66, and 6.29 for tert-butyl hydroperoxide, 4-hydroxynonenal, and peroxynitrite, respectively), and different from the m value (3.45) for menadione; (ii) the degree of protection provided by comparable concentrations of sulforaphane against different antioxidants ranged from 2-to 3-fold. To examine the generality of protection by Phase 2 induction we looked at the effects of 24-h treatment with sulforaphane on the toxicity to human keratinocytes (HaCaT) and mouse leukemia (L1210) cells of tert-butyl hydroperoxide and menadione, respectively (Fig. 6 ). The slopes of the median effect plots for both oxidants in these cell lines are in the 0.8-1.2 range, indicating lack of significant cooperativity among the processes contributing to cell death in these cell lines. The effects of these oxidants on ARPE-19 cells are quite different (Table 1 ). It appears therefore that the cooperativity between lethal processes depends on the cell line. Nevertheless, the substantial protection observed in the untransformed human keratinocyte cell line and in the highly neoplastic murine leukemia cell line indicates that the protection provided by sulforaphane is a more general phenomenon, not restricted to retinal epithelial pigment cells.
In conclusion, prior treatment of human adult retinal epithelial cells and two unrelated types of cells with sulforaphane, a potent dietary inducer of Phase 2 enzymes, provides highly effective protection against the toxicity of several very different types of oxidant stressors. The protection is chemically versatile, long-lasting, catalytic, and unlikely to evoke prooxidant effects.
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